I. INTRODUCTION
The advantages of near-infrared spectroscopy ͑NIRS͒, such as noninvasiveness, high temporal resolution, and relatively low cost, make it an effective method for studying the dynamics of physiological processes, particularly brain hemodynamics. 1 Recent near-infrared measurements of brain activity following visual [2] [3] [4] and motor 5-10 stimulations confirmed the positron emission tomography 11 and functional magnetic resonance imaging 12 observations of a significant hemodynamic response at the activated brain area. Several important features of cerebral hemodynamics were discovered. For instance, it was found that while the oxy-and deoxy-hemoglobin concentrations exhibit irregular fluctuations at rest, 13 typically during stimulation the statistical average change of deoxy-hemoglobin concentration in the activated brain area is negative, and the corresponding oxyhemoglobin change is positive. 1, 2, 7, 9 The dependence of the hemodynamic response on the duration of the relaxation phase preceding a motor stimulation was demonstrated. 10 Because of its high temporal ͑ϳ10 ms͒ and good spatial ͑ϳmm͒ resolution, NIRS is particularly advantageous for mapping functional cerebral hemodynamics. A number of near-infrared instruments for mapping cerebral hemodynamics by simultaneous multisite probing were described in the literature. [14] [15] [16] The results of the multisite monitoring of cerebral hemodynamics during mental tasks were described in Ref. 17 . However, in most articles presenting optical maps of brain activity 7, 8 the measurements were performed with one source-detector channel by repeating the stimulation protocol sequentially at each measurement position, resulting in a slow acquisition time per image ͑40-60 min͒. Only Ref. 9 presents optical maps of a cerebral hemodynamic response to motor stimulation obtained by a multichannel instrument with the acquisition time of 1-2 s per image.
In this article we discuss temporal and spatial patterns of brain hemodynamics under rest and motor stimulation conditions obtained by fast ͑160 ms per image͒ multisite NIRS measurements in the motor cortex area. Particularly, we study the relationship between underlying hemodynamic fluctuations and responses to stimulation. Our near-infrared instrument allows noninvasive data acquisition from eight sources and two detectors on the human head. The measurements were performed on a group of five healthy male subjects. To study the hemodynamics dependence on the motor task timing, we follow a measurement protocol that includes a number of rest and finger-motion exercise epochs. The exercise epochs consist of the repetition of stimulation/ relaxation cycles. The relative duration of stimulation and relaxation is different for different epochs.
To assess statistical properties of cerebral hemodynamics and to generate optical maps of brain activity, we employ a combination of different statistical methods for the analysis of NIRS data. The reason for using a variety of methods is the complex character of the hemoglobin concentration temporal patterns both under stimulation conditions and at rest. 13 In addition to statistical tests of significance of hemodynamic changes and folding average analysis, the traditional methods of time series statistical analysis are the power spectrum and coherence analyses based on the Fourier transform. 13 Recently a new time-domain method of data analysis was developed, which allows the detection and quantification of phase synchronization between two signals. 19 This method was successfully applied to the analysis of synchronization between the magnetoencephalograms and records of muscle activity in a Parkinsonian patient. The phase synchronization analysis is important because, as shown in Ref. 19 , phase synchronization is not equivalent to coherence or frequency synchronization, being an independent characteristic of the interrelationship between two processes. We compare dynamic features and optical maps of hemodynamic signals obtained using different data analysis techniques, including both the traditional folding average and Fourier transform methods, as well as the new quantitative phase synchroniza-tion analysis. We also discuss the validity of different tests, such as Student t test, sign test, 20 and Wilcoxon matched-pair signed-rank test, 20 for the assessment of statistical significance of the cerebral hemodynamic changes under the motor stimulation conditions.
II. INSTRUMENTATION AND METHODS

A. Near-infrared optical system and medical monitoring equipment
We use a two-wavelength instrument for near-infrared probing of tissues in which light emitted by laser diodes ͑758 and 830 nm, ϳ2 mW average power͒ is guided to the tissue through multimode silica optical fibers ͑400 m core diam-eter͒. Sixteen laser diodes ͑eight per each wavelength͒ operate in a sequential multiplexing mode with 10 ms on time for each diode. Two glass fiber bundles ͑3.2 mm internal diam-eter͒ collect the scattered light and conduct it to the photomultiplier tube ͑PMT͒ detectors. The 16 sources and 2 detectors provide 32 source-detector channels. The output signals from the PMTs are applied to the inputs of an interface card for an IBM-PC computer, where data processing is performed. To obtain cerebral optical maps, we designed a headset ͓see Fig. 1͑a͔͒ consisting of the fiber-optic probe ͓Fig. 1͑b͔͒ and a frame securing the probe on the head. Two detector fibers are securely fixed in the central part of the probe ͓see Fig. 1͑b͒ for distances͔. The paired ͑758 and 830 nm wavelength͒ source optodes are attached to the probe pad at eight positions. The range of source-detector distances allows us to distinguish processes occurring at different tissue depths. To probe the superficial tissue layer, we use two 0.5 cm source-detector channels. For brain mapping we use six equidistant 2.8 cm channels denoted by italic numbers 1-6 in Fig. 1͑b͒ and throughout the text.
In addition to the optical signals probing the brain hemodynamics, we acquire the heart rate and the arterial saturation by means of a pulse oximeter N-200 ͑Nellcor͒ with the sensor attached to the left-hand index finger, and the respiratory signal with the monitoring system Resp-EZ ͑Sleepmate/ Newlife Technologies͒. All these physiological signals are acquired by the PC computer simultaneously with the nearinfrared signals.
B. Motor stimulation protocol: a stimulation wave
We performed measurements on five subjects: righthanded males of age ranging from 30 to 65 years. A written informed consent was obtained from each subject before measurements. The subjects had very short blond hair, or very rare hair of arbitrary color, or were hairless. The probe was positioned on the left side of the head in such a way that the point shown in Fig. 1͑b͒ with the cross mark coincided with the measured middle point ͑C3 position͒ of primary motor cortex. This point was found as the one that marks 40% of the distance from the vertex to the left earlobe on the line connecting the vertex and the left earlobe. 21 FIG. 1. ͑a͒ The headset for holding the fiber-optic probe designed for measurements on the motor cortex. The broken line shows the vertex-earlobe line. ͑b͒ Geometric arrangement of the optical fibers in the probe. The crossed circle marks the hole in the probe pad that was matched with the measured C3 position on the subject's head. The arrows show six 28 mm source-detector channels corresponding to the square zones 1-6 in the optical maps. The dashed vertex-earlobe line shows the orientation of the probe on the head.
During measurements the subjects were comfortably supine and instructed not to speak or to make unnecessary movements. Each measurement consisted of the rest epoch ͑10 min͒ and three to four exercise epochs. During the rest epoch, the baseline data were acquired. During the exercise epoch, subjects were asked to begin or stop performing a finger motion ͑a light palm squeezing͒ exercise by the right hand. The squeezing rhythm ͑1.5 Hz͒ was maintained by means of a metronome. Three subjects performed three exercise epochs E1, E2, and E3 differed by the duration of the stimulation/relaxation period: 20/60, 20/20, 10/17 s, respectively, and consisted of 5, 10, and 10 periods, respectively. Two other subjects performed four exercises, including the same E1, E2, and E3, and one more consisting of ten 10/10 s stimulation/relaxation periods.
Mathematically each exercise epoch can be associated with a rectangular stimulation wave, whose magnitude is zero during relaxation phases and one during stimulation phases. We used such stimulation rectangular waves in the analysis of coherence and phase synchronization between the stimulation and hemoglobin signals.
C. Reconstruction of hemodynamics from optical data
To convert optical intensity data into hemodynamic concentration changes, we assume a model for light transport in strongly scattering medium based on the diffusion approximation to the Boltzmann transport equation, 22 and that the absorption variations in the tissue are only due to oxy-and deoxy-hemoglobin. The diffusion model of light transport gives the following equation to compute the change in the absorption coefficient ⌬ a at a given wavelength between its values corresponding to the initial intensity I 0 and intensity I :
where d is the distance between the source and the detector fibers, and is the differential pathlength factor ͑DPF͒. We use the adult head DPF values of 6.2 at 1 ϭ758 nm and 5.9 at 2 ϭ830 nm according to Ref. 23 Equations ͑1͒, ͑2͒, and ͑3͒ are derived assuming the homogeneity of the scattering medium, and therefore they are not expected to provide accurate quantitative intracranial hemodynamics assessment. In Ref. 26 it was argued that light propagation in the adult head is highly affected by the clear cerebrospinal fluid ͑CSF͒. On the basis of a computer model, Okada et al. found that at source-detector separations greater than 3 cm the detected light passes mainly through the CSF layer, and the optically probed brain region is confined to a shallow portion of the gray matter. At a sourcedetector distance of 3 cm, the contribution of the gray matter to the light absorption is in the order of 20%-30%. Even though these results are based on assumed optical properties of the involved tissue layers whose accuracy is not known, there is some indication that it may be difficult for NIRS to quantify intacranial changes of ͓HbO 2 ͔ and ͓Hb͔. Therefore, in this article we do not aim at quantifying the absolute hemodynamic changes in the motor cortex, but rather we aim at the analysis of temporal characteristics and relative changes in different regions of the cortex.
Since we assess hemoglobin concentration changes in different zones of the motor cortex, the notations for the hemoglobin concentration change throughout the text include the zone number denoted by the italic subscript. For example, ͓Hb͔ 3 denotes the deoxy-hemoglobin change in zone 3 according to Fig. 1͑b͒ .
D. Statistical tests of significance of hemodynamic changes
To detect brain responses to motor stimulation, we tested statistical significance of hemoglobin concentration changes between the stimulation and relaxation phases. The compared values were the ͓Hb͔ changes from its value at the beginning of the cycle averaged for the last 10 s of the stimulation period and for the last 10 s of the entire cycle. The beginning of the cycle was chosen in the middle of the relaxation period. We defined the significance level equal to the common value of 0.05, i.e., the hemodynamic changes are significant if the test probability pр0.05.
Since the number of samples for each epoch was small ͑equal to the number of stimulation cycles͒, the normality of the distributions could not be tested with a high confidence, and the use of the Student t test was not justified. When the type of the distribution is uncertain, the most robust test is the sign test, 20 which analyzes the signs of the differences between the pairs of compared values. The sign test answers the following question: ''Does the decrease of ͓Hb͔ ͑or the increase of ͓HbO 2 ͔͒ during the stimulation occur often enough to be significant?,'' but the result of the test does not depend on the magnitude of the change.
Another appropriate test is the Wilcoxon matched-pair signed-rank test. This test uses not only the signs of the changes,but also their magnitudes. For small numbers of samples with unknown distributions, the Wilcoxon test is more sensitive than the Student t test. 20 The basic assumption of the Wilcoxon test is that the distribution of the difference between the values within each pair must be symmetric, which is less restrictive than the t-test assumption of the normality of pair member distributions.
E. Folding average
Assuming synchronization between stimulation and hemoglobin response, one can separate the response from fluctuations by means of a folding average. This procedure includes algebraic averaging of data corresponding to the same point on the stimulation/relaxation cycle over a number of cycles and returns the averaged signal evolution during the period of stimulation/relaxation. The beginning of the cycle was chosen in the middle of the relaxation period. Before calculating folding averages, we performed a linear detrending of the data on each folded period for additional fluctuation suppression. In the optical maps of brain signals ͑see Sec. II H͒ we plot the magnitude of the folding average hemoglobin concentration change, which we defined for ͓HbO 2 ͔ as the difference between the maximum and minimum folding-average values, and for ͓Hb͔ as the difference between the minimum and maximum values.
F. Power spectrum and coherence
We analyzed the autocorrelation power spectra of the oxy-and deoxy-hemoglobin signals, and the spectra of coherence between the stimulation rectangular wave defined in Sec. II B and the hemoglobin signal. The autocorrelation power spectrum P k ()ϭ͉͗ f k ()͉ 2 ͘ of the data series ͑for example, of ͓Hb͔ k or ͓HbO 2 ͔ k series, where k is the light channel͒ at frequency can be obtained by averaging the squared magnitudes of complex Fourier transforms f k () of successive ͑possibly overlapping͒ data subsets. 18 The inverse Fourier transform of P k () returns the autocorrelation function. 18 The coherence spectrum 18 of two data series ͑labeled with indices k and m͒ is defined as the normalized average product of the corresponding complex Fourier transforms C km ()ϭ͗ f k () f m *() ͘/ ͱP k () P m (). Note that C km () is a complex function of . The normalization to the square root of the product of the autocorrelation power spectra restricts the absolute values of C km () to the interval between 0 and 1. ͉C km ()͉ approaches 1 when there is a high correlation between two processes at the given frequency , particularly when the two series are identical, and it approaches zero when there is no statistical correlation between the two processes at the given frequency. The phase of C km () may be interpreted as the average phase difference between the two signals at frequency .
To compute f k () for a discrete set of frequency values we use the fast Fourier transform algorithm. The bandwidth and the frequency resolution of the autocorrelation and coherence spectra are determined by the sampling rate and by the length of the data subset, respectively. For the measurements reported in this work the acquisition time per point is 160 ms, which corresponds to a frequency bandwidth of 3.125 Hz. The duration of each subset data trace to produce a Fourier transform is 164 s, which corresponds to a spectral resolution of 0.0061 Hz.
G. Phase synchronization
We estimated the phase synchronization strength between the stimulation rectangular wave and the oxy-and deoxyhemoglobin signals. According to the definition, 19 two periodic quasiharmonic signals having phases 1 (t) and 2 (t) ͑defined on the infinite interval͒ are phase locked, or phase synchronized if there are two integer numbers n and m such that ͉n 1 (t)Ϫm 2 (t)͉Ͻconst. For periodic, quasiharmonic signals the phase synchronization condition is equivalent to the frequency locking condition n 1 ϭm 2 , since for periodic oscillators k ϭ k (t) ͑where the overbar denotes the time average͒. Recently, phase synchronization was understood as a specific relationship between two signals of arbitrary nature, including nonperiodic and noisy signals. 19 This interpretation required a generalization of the concept of phase and of the mathematical condition restricting the relative phase change of two signals. For an arbitrary real function of time, F(t), the phase may be defined as the phase of the complex analytical continuation of the given function into the complex plane. 18 The real part of this analytical function is given by the original function F(t), and the imaginary part Q(t) is given by the Hilbert transform of F(t):
The condition ͉n 1 (t)Ϫm 2 (t)͉Ͻconst, where 1,2 (t) are the phases of analytical continuations of two signals taking their values on the interval ͑Ϫϱ, ϱ͒, may still be considered as a phase-locking condition. However, as it was shown in Ref. 19 , in the case of noisy signals this condition may not be always fulfilled. Instead, the authors of Ref. 19 proposed a definition of phase synchronization that assumes a statistical quantification of the synchronization strength. The basis of this quantification is as follows. ͑i͒ One should identify two integers n and m such that the relative phase ⌿ nm ϭn 1 (t)Ϫm 2 (t) ͓defined on the interval ͑Ϫϱ, ϱ͔͒ fluctuates over horizontal plateaus separated by jumps exceeding 2 in amplitude. The horizontal plateaus correspond to those time intervals when there is a phase synchronization between two signals, and the jumps occur when the synchronization is lost. The reduction of the relative phase ⌿ nm to the phase nm defined on the interval ͑Ϫ, ͒ brings the horizontal plateaus approximately to the same level, if the jump magnitudes are close to integer multiples of 2. ͑ii͒ The sharpness of the probability distribution of the reduced phase nm over the interval ͑Ϫ, ͒ characterizes the strength of phase synchronization. The sharpness of the probability distribution P i over N bins can be quantified by the Shannon entropy SϭϪ͚ iϭ1 N P i Ln( P i ). A uniform distribution has the entropy value S max ϭLn(N). ͑iii͒ To characterize the deviation of the distribution from the uniformity, one can use the index ϭ(S max ϪS)/S max . It is this index nm calculated for the distribution of nm over the interval ͑Ϫ, ͒ that is the entropy phase synchronization index ͑PSI͒ that was proposed in Ref. 19 to quantify the strength of the (n:m) phase synchronization state.
It is important to note that in the case of strong (n:m)-phase synchronization characterized by the integer numbers n and m, there is also a strong (n:m)-frequency locking in terms of the sharpness of the distribution for the function ⍀ nm ϭn 1 (t)Ϫm 2 (t), where k (t)ϭ k (t) are the instantaneous frequencies and k (t) are the phases of the complex analytical signals. However, this statement may not be generally inverted. In other words, frequency synchronization may indicate phase synchronization, but is not equivalent to it. Thus, two signals may be frequency locked, but not phase synchronized. Furthermore, as it was shown in Ref. 19 , the (1:1)-phase synchronization between two signals is not equivalent to their coherence: the signals may be coherent, but not phase locked.
In practice, to detect and measure the degree of phase synchronization one should try different pairs of integer numbers n and m to find the pair that gives the maximal value of nm . Note that since nm measures the deviation of a given distribution of nm values from the uniform distri-bution, any two finite datasets exhibit some nonzero PSI values. Therefore, to avoid spurious detection of synchronization between two signals represented by the time series of the length L, one should disregard nm values that are below the significance level determined by the statistical distribution of PSI values corresponding to all possible L-length sets of random data having a homogeneous distribution on the interval ͑Ϫ, ͒ in the limit L→ϱ.
To calculate PSI, we filtered the time series using a nonrecursive digital filter 27 having a pass band centered at the repetition frequency of stimulations, heart rate, or breathing rate. Then we performed the numerical Hilbert transform 18 of filtered signals to obtain imaginary parts of the corresponding complex analytical signals. After that, the reduced relative phase nm (t) calculated from the phases of analytical signals was analyzed statistically to obtain PSI values. Only significant values were considered. We assumed the significance level to be equal to the mean plus one standard deviation of the PSI value distribution for all possible equiprobable random datasets of the same length as the analyzed one.
H. Generation of optical maps
We used values resulting from the folding average, power spectrum, coherence spectrum, and phase synchronization analyses for mapping brain motor activity. The optical maps are made of six pixels corresponding to the squares labeled as 1-6 in Fig. 1͑b͒ . The value of each pixel was obtained using data from the corresponding 2.8 cm source-detector pair. The six pixels of an optical map correspond to six zones in the motor cortex area.
III. TEMPORAL ANALYSIS
A. Spontaneous fluctuations under rest conditions
Optical signals acquired on the head under rest conditions exhibit fluctuations. Figure 2͑a͒ shows an ͓HbO 2 ͔ fluctuation power spectrum in the frequency range between 0.01 and 1.8 Hz as obtained by NIRS on a 34-year old healthy righthanded male at rest conditions in the area of a motor cortex ͓zone 5 according to Fig. 1͑b͔͒ . The source-detector separation is 2.8 cm. A typical ͓HbO 2 ͔ power spectrum, as the one shown in Fig. 2͑a͒ , includes a heartbeat peak and the structures towering around the average respiration frequency and some frequency lower than the respiratory one, which for the given subject are at about 1.1, 0.3, and 0.1 Hz, respectively. One can identify the respiratory structure in the ͓HbO 2 ͔ spectrum by comparison with the power spectrum of the respiratory monitor signal ͓Fig. 2͑b͔͒ acquired simultaneously with the spectrum shown in Fig. 2͑a͒ . Respiratory oscillations in the NIRS signals were also described in Ref. 28 . Note that the power spectrum of the pulse oximeter heartrate signal ͓Fig. 2͑c͔͒ shows peaks both at the respiratory frequency ͑due to the sinus arrhythmia͒ and the lowerfrequency peak of the ͓HbO 2 ͔ spectrum ͑ϳ0.1 Hz͒. Therefore, one can believe that the heart-rate variability is the factor contributing to the ͓HbO 2 ͔ spectrum below 0.5 Hz at rest. In the ͓Hb͔ spectrum ͑not shown in Fig. 2͒ , the corresponding structures are much less pronounced than in the ͓HbO 2 ͔ spectrum.
In different subjects the average breathing frequency varies approximately between 0.1 and 0.4 Hz. Besides the sinus arrhythmia, the heart-rate variability may exhibit slow changes in the range of 0.01-0.1 Hz. The width of the corresponding spectral peaks varies depending on the regularity of the heart-rate variations and respiration. Figure 3 represents the ͓HbO 2 ͔ and ͓Hb͔ fluctuation power spectra acquired on a 43-year healthy right-handed male ͓zone 5 according to Fig. 1͑b͒ , source-detector separation is 2.8 cm͔ in a more expanded frequency band ͑0.006-0.3 Hz͒ than the one of Fig. 2 . The corresponding time traces are shown in Fig. 4 . The oscillations of frequencies above 0.3 Hz, including the heart beat, are low-pass filtered out and do not appear in Figs. 3 and 4. In the given subject the respiratory oscillations at rest conditions are presented in the ͓HbO 2 ͔ power spectrum ͓Fig. 3͑a͔͒ by the diffuse structure spread between 0.09 and 0.23 Hz. Although the actual period of respiration wave in the ͓HbO 2 ͔ time trace ͓Fig. 4͑a͔͒ varies between 5 and 8 s ͑0.2 and 0.125 Hz, respectively͒, the corresponding spectral structure is broadened by the amplitude and frequency modulation of the respiratory wave.
Besides the respiratory fluctuations, both ͓HbO 2 ͔ and ͓Hb͔ spectra in Fig. 3͑a͒ show fluctuations in the frequency range below 0.09 Hz ͑time scales longer than 11 s͒. Among them the most prominent are the ͓HbO 2 ͔ fluctuations with the peak at about 0.02 Hz corresponding to the 50-60 s time scale in Fig. 4͑a͒ . These slow changes correlate with the heart-rate variations observed with the pulse oximeter. In 
B. Temporal and spectral patterns of hemoglobin fluctuations during exercises
Figures 3͑b͒-3͑d͒ and 4͑b͒-4͑d͒ show power spectra and time traces, respectively, for signals ͓Hb͔ 5 and ͓HbO 2 ͔ 5 ͑supposedly at the precentral area of the motor cortex͒, observed in a typical experiment performed according to the protocol described in Sec. II B. The data were acquired during three exercise epochs E1, E2, and E3 differing in the duration of stimulation/relaxation phases ͑20/60, 20/20, and 10/17 s, respectively͒. The order of Figs. 3 and 4 corresponds to the actual order of the epoch sequence. The wedge-shaped markers in Fig. 3 show the harmonics of the stimulation repetition frequency. In Fig. 4 the stimulation periods are indicated by the shaded areas.
In Figs. 3 one can see that during epoch E3 ͓10/17 s stimulation/relaxation period, Fig. 3͑d͔͒ both ͓Hb͔ 5 and ͓HbO 2 ͔ 5 power spectra exhibit most sharp peaks at the exercise fundamental frequency and some of its harmonics. For this epoch Figs. 4 show the most regular and synchronous with the stimulation signal ͓Hb͔ 5 ͓Fig. 4͑d͔͒. The dynamic pattern of hemoglobin concentration change during E3 is in agreement with the one obtained by other researchers 5-10 by a folding average of the stimulation periods. Namely, in Fig.   4͑d͒ one can clearly see that during the stimulation ͓HbO 2 ͔ 5 increases and ͓Hb͔ 5 decreases, and during the relaxation there is a recovery toward the baseline level.
During epoch E1 ͑20/60 s͒, unlike epoch E3, the ͓Hb͔ 5 time trace does not manifest significant correlation with the stimulation sequence ͓Fig. 4͑b͔͒. The power spectrum of the ͓Hb͔ 5 signal has peaks neither at the fundamental frequency nor at the second harmonic ͓Fig. 3͑b͔͒. The ͓HbO 2 ͔ 5 power spectrum has the highest peak at the second harmonic of the stimulation repetition frequency.
During epoch E2 ͑20/20 s͒ both ͓Hb͔ 5 and ͓HbO 2 ͔ 5 spectra have peaks at the exercise fundamental frequency and some of its harmonics. The character of the ͓Hb͔ 5 time trace ͓Fig. 4͑c͔͒ is intermediate between the ones corresponding to the epochs E1 and E3. Indeed, one can recognize a pattern that correlates with the stimulation sequence, but its periodicity is less regular than in the case of the epoch E3. Meanwhile, ͓HbO 2 ͔ 5 ͓Fig. 4͑c͔͒ exhibits a quite regular oscillatory pattern. Figures 5͑a͒-5͑c͒ show changes in the postcentral area of the motor cortex occurring simultaneously with the changes in the precentral area shown in Figs. 4͑a͒-4͑d͒. The shaded areas indicate periods of stimulation. One can see that during epochs E1 and E2 ͓Figs. 5͑a͒ and 5͑b͒, respectively͔, both the ͓Hb͔ 3 and ͓HbO 2 ͔ 3 changes do not exhibit correlation with the stimulation and are similar to the ones observed at rest ͓Fig. 5͑a͔͒. During epoch E3 ͓Fig. 5͑d͔͒ no correlation is seen as well, and the amplitude of fluctuations in ͓Hb͔ 3 and ͓HbO 2 ͔ 3 signals are significantly reduced compared to the epochs E1 and E2.
Although the time traces presented in Fig. 4͑b͒ do not manifest clear correlation with the stimulation wave, statistical analysis reveals such a correlation. Because of the small number of samples, we performed the sign test and the Wilcoxon matched-pair signed-rank test of significance for ͓Hb͔ changes between stimulation and relaxation phases during epoch E1. The matched pairs were the ͓Hb͔ changes from its value at the beginning of the cycle averaged for the last 10 s of the stimulation period and for the last 10 s of the cycle. The beginning of the cycle was chosen to be in the middle of the relaxation period, 30 s before stimulation. To increase the number of samples we tested the common dataset from the zones 1, 5, and 6, which exhibit significant oxyhemoglobin changes during all exercise epochs, and significant deoxyhemoglobin changes during E2 and E3. The test revealed insignificance of the ͓Hb͔ 5 changes during E1 ( Pр0. 21) . Supposing that this insignificance is due to the interference with the systemic changes, we subtracted the ͓Hb͔ 3 time series from the ͓Hb͔ 1 , ͓Hb͔ 5 , and ͓Hb͔ 6 those. After this was done, the Wilcoxon matched pair test has shown the significance ( Pр0.035) of the ͓Hb͔ changes between stimulation and relaxation during epoch E1. However, the sign test still indicated no significance ( Pр0.2), apparently because of the small number of samples ͑15͒. Figure 6 shows the result of the folding average of the ͓Hb͔ 5 and ͓HbO 2 ͔ 5 traces over exercise stimulation/ relaxation periods for epochs E1, E2, and E3 ͓Figs. 6͑a͒, 6͑b͒, 6͑c͒, respectively͔. Stimulation periods are indicated by the shaded areas. The vertical error bars represent standard errors calculated assuming normality of the distribution of values of the ͓Hb͔ 5 and ͓HbO 2 ͔ 5 changes corresponding to the same time passed from the beginning of a stimulation/ relaxation cycle. One can see that for all epochs ͓Hb͔ 5 exhibits a decrease during stimulation, while ͓HbO 2 ͔ 5 shows an increase. However, for different epochs the differences between the maximum and minimum values of the folding average changes and the corresponding standard errors are significantly different. Unlike epochs E2 and E3, during epoch E1 only the oxy-hemoglobin concentration variation between the stimulation and relaxation exceeds the standard error, while in the deoxy-hemoglobin signal all error bars significantly overlap. One should note, however, that since the number of samples for each epoch is small, the normality of the distribution may not be tested with a high significance. Therefore, the error bars in Fig. 6 rather give an idea about the variability of the values than show the standard errors associated with a normal distribution. Note that the ͓HbO 2 ͔ 5 folding average trace in Fig. 6͑a͒ has two minima: one is before the stimulation period, and another is after it. This is in agreement with the fact that the ͓HbO 2 ͔ 5 power spectrum in Fig. 3͑b͒ has the highest peak at the second harmonic of the stimulation repetition frequency.
In Fig. 7 the spectrum of coherence between the ͓Hb͔ 5 signal and the stimulation wave is shown for the epoch E3.
One can see that the coherence is close to one for the fundamental stimulation frequency and for a number of harmonics up to the fourth one, which demonstrates a high coherence of the ͓Hb͔ 5 signal with the stimulation during epoch E3.
C. Phase synchronization analysis
The power spectra presented in Sec. III B reveal frequency locking of the ͓Hb͔ and ͓HbO 2 ͔ time series with stimulation. Since the frequency locking may be an indication of phase synchronization, we calculated the corresponding PSIs. Figure 8͑a͒ shows the time evolutions of the phase differences of the analytical signals corresponding to the stimulation and hemoglobin response during epoch E3. One can see that the phase difference between ͓Hb͔ 5 and stimulation always oscillates around some average level, and the deviations from this level never exceed 2. Physically, this means that the stimulation and the response are always in phase within the noise. On the contrary, the curve representing the phase difference of the stimulation and ͓Hb͔ 6 during E3 exhibits a number of horizontal plateaus broken by the phase jumps. Note that the magnitude of each jump is close to an integer multiple of 2. Therefore, when the relative phase is reduced to the interval ͑Ϫ, ͒, the horizontal plateaus are approximately at the same level. The phase of the analytical signal corresponding to ͓Hb͔ 3 does not exhibit any plateaus.
The histograms in Figs. 8͑b͒ represent the statistical distributions of the phase differences reduced to the interval ͑Ϫ, ͒. In terms of these histograms, the ''strength'' of the phase synchronization is determined by the sharpness of the distribution. One can see that the distribution corresponding to ͓Hb͔ 5 is sharper than that for ͓Hb͔ 6 , which has a nonzero probability over the whole range ͑Ϫ, ͒. The distribution for ͓Hb͔ 3 is almost homogeneous. It is the phase histogram sharpness that is quantified by the PSI ͑see the definition in Sec. II F͒ to measure the phase synchronization ''strength.'' Table I summarizes the results of the analysis of phase synchronization between the stimulation wave and hemoglobin signals during epochs E1, E2, and E3. One can see that during epochs E2 and E3 some zones exhibit ͑1:1͒ phase synchronization in ͓HbO 2 ͔, ͓Hb͔, or in both signals. Unlike E2 and E3, during epoch E1 some zones exhibit ͑2:1͒ synchronization in ͓HbO 2 ͔, which is in agreement with Fig.  6͑a͒ , showing two maxima of the oxy-hemoglobin change during the stimulation/relaxation period, and with Fig. 3͑b͒ displaying the highest ͓HbO 2 ͔ 5 power spectrum peak at the second harmonic of stimulation repetition frequency. However, during E1 none of the zones shows significant phase synchronization in the ͓Hb͔ signal.
IV. SPATIAL MAPPING OF BRAIN ACTIVITY
A. Optical maps obtained from folding average, spectral, and phase synchronization analysis
As described in Sec. II H, square pixels in the coordinate grid of optical maps correspond to six zones in the motor cortex area. Figure 9 represents the optical maps of the brain response to the stimulation during epochs E1, E2, and E3 in TABLE I. Detected types of phases synchronization between the stimulation wave and oxy-͑deoxy-͒ hemoglobin signals and corresponding PSI values. The estimated lower limit of PSI corresponding to significant phase synchronization is 0.07. In the cases when PSIs are below this limit, the type of phase synchronization assumed to obtain a given PSI value is shown in parentheses. terms of the ͓HbO 2 ͔ ͓Figs. 9͑a͒-9͑c͔͒ and ͓Hb͔ ͓Figs. 9͑d͒-9͑f͔͒ magnitude of folding-average changes from stimulation to relaxation, defined in Sec. II E. Note that unlike the oxyhemoglobin response, the deoxy-hemoglobin response corresponds to the negative concentration change from the relaxation to the stimulation. Figure 10 shows maps of brain oxy-and deoxyhemoglobin signals during epochs E1, E2, and E3 in terms of the ͓HbO 2 ͔ ͓Figs. 10͑a͒-10͑c͔͒ and ͓Hb͔ ͓Figs. 10͑d͒-10͑f͔͒ power spectra. Maps in Fig. 11 display spatial distributions of coherence between the stimulation wave and fluctuations in ͓HbO 2 ͔ ͓Figs. 11͑a͒-11͑c͔͒ and ͓Hb͔ ͓Figs. 11͑d͒-11͑f͔͒. The bar heights in Figs. 10 and 11 ͓except for Figs. 10͑a͒ and 10͑d͒, and 11͑a͒ and 11͑d͔͒ correspond to the power spectrum and coherence magnitudes, respectively, at the stimulation repetition frequency. Note that since during epoch E1 oxy-and deoxy-hemoglobin concentrations exhibit response at the second harmonic of the stimulation repetition frequency, maps in Figs. 10͑a͒ and 10͑d͒ , and 11͑a͒ and 11͑d͒, show power spectrum and coherence values at the second harmonic. Comparing power spectrum maps for the oxy-and deoxy-hemoglobin signals, one should take into account that the vertical scale of power spectrum maps for oxyhemoglobin ͓Figs. 10͑a͒-10͑c͔͒ is four times larger than that for deoxy-hemoglobin ͓Figs. 10͑d͒-10͑f͔͒.
Epoch
The maps of the PSI spatial distribution for the oxy-and deoxy-hemoglobin signals during epochs E1-E3 are pre-sented in Figs. 12͑a͒-12͑c͒, and Figs. 12͑d͒-12͑f͒ , respectively ͑see also Table I͒. The zones showing no statistically significant phase synchronization are labeled with clear bars. Note that the PSI values plotted in Figs. 12͑a͒ and 12͑d͒ correspond to the ͑2:1͒-phase synchronization. As it was discussed in Sec. III C, during E1, no statistically significant synchronization of any (n:m) type was detected in any of the ͓Hb͔ signals ͓Fig. 12͑d͔͒. Since during E1 the power spectra of ͓Hb͔ 1 , ͓Hb͔ 5 , and ͓Hb͔ 6 signals indicate their ͑2:1͒ frequency synchronization with the stimulation wave, Fig. 12͑d͒ represents the PSI values obtained assuming the ͑2:1͒-phase synchronization.
B. Comparison of the optical maps: Oxy-hemoglobin
The maps displaying oxy-hemoglobin signals in terms of the folding average change of magnitude ͓Figs. 9͑a͒-9͑c͔͒, the power spectrum magnitudes ͓Figs. 10͑a͒-10͑c͔͒, and the phase synchronization index ͓Figs. 12͑a͒-12͑c͔͒ show similar spatial patterns for all three exercise epochs. The response is always localized in adjacent zones 1, 4, 5, and 6. The folding average and PSI maps show some narrowing of the ͓HbO 2 ͔ response area with the increase of the stimulation frequency. Spatial patterns of ͓HbO 2 ͔ coherence with the stimulation ͓Figs. 11͑a͒-11͑c͔͒ for the three epochs are also similar, but they reveal no localization unlike the folding FIG. 10. Spatial maps of brain oxy-and deoxy-hemoglobin signals during epochs E1, E2, and E3 in terms of the power spectra of ͓HbO 2 ͔ ͑a͒-͑c͒ and ͓Hb͔ ͑d͒-͑f͒ power spectra. The plotted value is the power spectrum magnitude at the second harmonic of the stimulation wave frequency ͓͑a͒ and ͑d͔͒, and at the fundamental frequency of the stimulation wave ͓͑b͒, ͑c͒, ͑e͒, and ͑f͔͒.
FIG. 11. Spatial maps of brain oxy-and deoxy-hemoglobin signals during epochs E1, E2, and E3 in terms of the ͓HbO 2 ͔ ͑a͒-͑c͒ and ͓Hb͔ ͑d͒-͑f͒ spectrum of coherence with the stimulation wave. The plotted value is the coherence magnitude at the second harmonic of the stimulation wave frequency ͓͑a͒ and ͑d͔͒, and at the fundamental frequency of the stimulation wave ͓͑b͒, ͑c͒, ͑e͒, and ͑f͔͒. average, power spectrum, and phase synchronization patterns. This demonstrates a qualitative difference between the PSI and coherence, stressed in Ref. 19 .
C. Comparison of the optical maps: Deoxyhemoglobin
Epoch E1
The power-spectrum map ͓Fig. 10͑d͔͒ shows fluctuations in the entire region. The ͓Hb͔ fluctuations at zones 1, 5, and 6 are coherent with the stimulation wave ͓Fig. 11͑d͔͒. There is no phase synchronization between the ͓Hb͔ signal and stimulation wave in any zone ͓Fig. 12͑d͔͒. Although the folding-average map ͓Fig. 9͑d͔͒ shows signals in zones 5 and 6, the variability in values plotted in this map is high ͓see error bars in Fig. 6͑a͔͒. 
Epoch E2
The folding average ͓Fig. 9͑e͔͒, power spectrum ͓Fig. 10͑e͔͒, and phase synchronization ͓Fig. 12͑e͔͒ maps indicate response localization in zones 5 and 6. However, coherence between the signal and the stimulation wave ͓Fig. 11͑e͔͒ is high in the entire region, which is similar to the ͓HbO 2 ͔ coherence distribution during the same exercise.
Epoch E3
All maps ͓Figs. 9͑f͒, 10͑f͒, 11͑f͒, and 12͑f͔͒ show signal localization in zones 5 and 6. The similarity of the coherence map ͓Fig. 11͑f͔͒ with the other maps showing the ͓Hb͔ response during epoch E3 is due to a low amplitude of fluctuations in zones 1-4 compared to zones 5-6 ͓see also Fig.  10͑e͔͒ .
V. INTERSUBJECT VARIABILITY
The data from the 43-year-old male presented above demonstrate a number of features common for most members of the group of five male subjects. Namely, for all stimulation frequencies, optical maps of the ͓Hb͔ signals represent narrower response areas than the maps of ͓HbO 2 ͔ signals. The localization of the ͓Hb͔ response is particularly significant when the response is quantified by the phase synchronization index or magnitude of folding average changes. Unlike oxyhemoglobin, the PSI values of deoxy-hemoglobin signals in the zone of synchronization exhibit a strong dependence on the stimulation frequency, and typically increase with the frequency increase. Figure 13 shows the deoxy-hemoglobin PSI maps for five different subjects obtained under conditions of epoch E3 ͑10/17 s stimulation/relaxation period͒. One can see that for all subjects the center of the zone of synchronization appears in the precentral part of the probed area close to the central line. Another common observation is that at highly synchronized states of the ͓Hb͔ signal its power spectrum exhibits a narrow peak near the stimulation frequency, but there is no significant difference between the power spectrum magnitudes at this frequency observed at rest and stimulation conditions. Figures 5͑d͒, 10͑c͒, and 10͑f͒ show a general decrease of the hemoglobin fluctuations outside of the localized area, where hemodynamic changes are highly synchronized with the stimulation. Such a suppression of fluctuations was not found in all subjects. Although all subjects demonstrated signal localization in terms of its phase synchronization with stimulation, in some subjects fluctuations outside the area of synchronization continued during all epochs. Figure 14 shows ͓Hb͔ power spectra and coherence maps for the same five subjects and the same exercise conditions as Fig. 13 . One can see that three subjects exhibit fluctuation localization ͓Figs. 14͑a͒ and 14͑f͒, 14͑b͒, and 14͑g͒, and 14͑d͔͒, but two others do not ͓Figs. 14͑c͒ and 14͑h͒, 14͑e͒ and 14͑j͔͒. In Figs. 14͑a͒-14͑e͒ one can also see that in different subjects the amplitude of hemoglobin fluctuations is considerably different. This may be due to such anatomic factors as the difference in the thickness of the CSF layer, arachnoid granulations, etc.
In some cases, the temporal and spectral properties of fluctuations outside the area of synchronization were signifi-cantly different from the rest. However, we could not derive any typical pattern of fluctuations outside the zone of synchronization. Apart from the fluctuation suppression, we observed random or regular ͑but not synchronous with the stimulation͒ changes. Figure 15 shows an example of apparently regular hemodynamic changes, both in the zone of synchronization ͓Fig. 15͑a͒, zone 6͔ and outside it ͓Fig. 15͑b͒, zone 2͔, which was observed in the 34-year-old male during the exercise epoch with a 20/20 s stimulation/relaxation period.
When ͓HbO 2 ͔ and ͓Hb͔ changes were synchronous with stimulations, we observed increases of ͓HbO 2 ͔ and decreases of ͓Hb͔ in all members of the group but one. One member ͑60-year-old male͒ demonstrated such a ''typical'' hemodynamic pattern during only one epoch ͑10/10 s stimulation/ relaxation period͒ at zones 1 and 2 ͓see Fig. 16͑a͔͒ . During other epochs, these and other zones showed different combinations of the ͓Hb͔ and ͓HbO 2 ͔ changes, which were phase synchronous with the stimulation wave. Particularly during the epoch with the 20/20 s stimulation/relaxation period, both ͓Hb͔ 1 and ͓HbO 2 ͔ 1 exhibited prominent signals at the second harmonic of the stimulation frequency. The folding average traces for these signals show an increase in both ͓HbO 2 ͔ 1 and ͓Hb͔ 1 during stimulation ͓Fig. 16͑b͔͒.
VI. DISCUSSION
Our fast multichannel NIRS measurements of brain activity during the repetitive motor task show that depending on the duration of stimulation and relaxation phases and on the zone in the cortex, oxy-and deoxy-hemoglobin concentrations exhibit either regular changes as the ͓Hb͔ 5 trace in Fig.  4͑d͒ , or fluctuations similar to those observed at rest. In the cases when the signals are irregular, the detection and characterization of the response requires mathematical techniques. Because of the complicated hemoglobin concentra- tion changes, only the combination of different analysis methods can bring an understanding of the process. An effective tool for the brain response detection is the statistical analysis of the significance of hemodynamic changes caused by the stimulation. However, one should take into account that the typical time limits of a motor stimulation protocol result in a small number of stimulation/relaxation cycles. Therefore, the significance tests based on the assumption of any particular type of statistical distribution are not fully justified. The most robust is the sign test. 20 However, the power of this test can be low because of the small number of samples. For example, in the case of 11 decreases and 4 increases of ͓Hb͔ during 15 stimulations, the sign test reveals no significance ( Pр0.118), while with the same proportion of positive and negative changes during 60 stimulations the significance would be very high ( Pр0.0004). Another option is the Wilcoxon matched-pair signed-rank test. 20 When the results of the sign test and Wilcoxon test are different, as in the case of ͓Hb͔ changes during epoch E1, other analysis techniques may help us to understand the situation. One of the most popular methods is the folding average. Ideally, the folding average procedure eliminates all the processes that are not phase synchronous with the folded time intervals. However, the limitations associated with the lack of statistical information and possible non-normality of data distributions do also apply to the folding average. In-deed, the arithmetic averaging and the standard error calculation used in the folding average technique are rigorously justified only in the case of the normal distribution of averaged values. Our analysis shows that the sampled distributions of ͓HbO 2 ͔ and ͓Hb͔ changes are not even always symmetric. Therefore, the result of the folding average analysis cannot be used as an ultimate criterion, neither for the brain response detection nor for the assessment of the signal dynamic properties.
To assess the dynamic properties of the hemoglobin signal, it is useful to perform the power spectrum analysis. The power spectrum peaks at specific frequencies may indicate frequency synchronization. However, since the power spectrum cannot quantify the interrelationship between the stimulation and hemodynamics, the coherence and quantitative phase synchronization analyses are important. Note that the meaning of the term ''response'' is different depending on what quantity, coherence or PSI, is associated with it. As an analysis of Sec. IV shows, the phase synchronization maps always show a localized response ͓see Figs. 11͑a͒-11͑c͒, 11͑e͒, and 11͑f͔͒, while relatively large areas in the brain may exhibit fluctuations that are coherent with the stimulation ͓see Figs. 10͑a͒-10͑c͒, and 10͑e͔͒. Therefore, a combination of approaches is particularly relevant for the mapping of brain functions.
The comparison of Figs. 8 and 11 indicates that the folding average and the PSI maps for each exercise correlate. However, comparing results of folding average and phase synchronization analyses, one should take into account that a strong phase synchronization is a necessary but not sufficient condition for a high signal-to-noise ratio in the folding average pattern. Indeed, even in the case of a strong phase synchronization, the amplitude fluctuations can render the folding average pattern noisy. Therefore, considering the folding average analysis results together with the phase synchronization provides a better understanding of the hemodynamics. For example, the average ͓Hb͔ 5 trace in Fig. 6͑b͒ for epoch E2 shows a slanting decrease starting approximately 3 s after the onset of the stimulation, while Fig. 6͑c͒ displays a steep ͓Hb͔ 5 change beginning about 5 s after the stimulation onset. The fact that the PSI value for the ͓Hb͔ 5 signal during E2 is significantly lower than during E3 could signify that the leading edge of the ͓Hb͔ 5 curve in Fig. 6͑b͒ is due to an averaging effect rather than due to the dynamics of the process. Indeed, comparing the deoxy-hemoglobin traces in Figs. 4͑c͒ and 4͑d͒ , one can see that the magnitude of the changes during stimulations is similar for both E2 and E3. However, during E3 the beginning of each stimulus-induced decrease in ͓Hb͔ 5 trace occurs almost at the same phase of the stimulation cycle, in contrast to the random phase of response during epoch E2. Furthermore, the dynamic interpretation of the folding average traces requires wariness also because of the statistical validity limitations of folding average analysis discussed above. On the other hand, such limitations as the lack of normality or symmetry of statistical distributions do not apply to the phase synchronization analysis.
As follows from our statistical analysis of deoxy- hemoglobin changes during epoch E1 ͑Sec. III B͒, the fast multichannel NIRS assessment of brain activity provides the following advantage for the detection of a brain response to stimulation. In the cases when hemodynamic changes are small, one can improve the sensitivity by subtracting the background fluctuations observed at remote brain zones from the signals observed at stimulated area, and by combining data from separate zones in the stimulated area.
Using the light channels with short source-detector distances ͓5 mm; see Fig. 1͑b͔͒ we were able to compare the brain hemodynamics with that in superficial head tissue. We have found that the coherence between the short-distance ͑5 mm͒ and long-distance ͑28 and 40 mm͒ signals is low in the entire frequency band below 3.5 Hz, except for the heartbeat and respiratory frequencies. This confirms that in the longdistance signal the intracranial tissue contributions dominate over the superficial hemodynamics.
Our temporal analysis and mapping of cerebral hemodynamics reveals the following features common for the group of five subjects. Significant hemodynamic fluctuations in the brain occur not only during exercises, but also at rest. Repetitive motor stimulations lead to the appearance of the area in the cortex where the fluctuations are synchronized with the stimulation wave. The degree of synchronization quantified by PSI depends on the frequency of the stimulation wave. The changes in the degree of synchronization are more significant for the deoxy-hemoglobin signal than for the oxyhemoglobin one. In agreement with the result of Ref. 9, our PSI maps show the uprising of the center of the synchronization area close to the central line in the precentral part of the motor cortex.
The importance of the issue of synchronization has been extensively discussed for nonlinear systems, including biological systems. 19, 29 We would like to point out that there are indications, including some of our results, that functional cerebral hemodynamics can also be considered as a nonlinear synchronization phenomenon. Indeed, chaotic hemodynamic fluctuations at rest may result from the nonlinear neurovascular coupling. Such fluctuations were also reported by other researchers. 30, 31 Existing mathematical models attribute the low-frequency ͑below 0.1 Hz͒ systemic spontaneous fluctuations in the blood flow for the action of the autoregulatory system intended to maintain a proper average level of arterial pressure, blood oxygenation, and other physiological parameters. 32, 33 Since these models are nonlinear, they allow dynamic patterns in the form of complex nonperiodical selfsustained oscillations. One can assume that to enhance the cerebral circulation autocontrol, apart from the systemic autoregulation mechanisms, there also exists a local regulation, which is responsible for the local hemodynamic underlying fluctuations. Furthermore, if one considers the repetitive sequence of stimulations as the periodic external force acting on the nonlinear neurovascular system, depending on the frequency of the stimulation wave and subject's individuality, one can expect hemodynamic outputs associated with quantitatively and qualitatively different synchronization states. The examples of the quantitatively different synchronization states are given by the maps in Figs. 11͑d͒-11͑f͒ , showing different PSI values for deoxy-hemoglobin signals in the zone of synchronization. The examples of quantitatively different states are the first and second harmonic hemodynamic signals at different exercise epochs, which we observed in two subjects, and the increase or decrease of deoxyhemoglobin concentration during stimulation at different exercise epochs observed in one subject ͓compare Figs. 12͑a͒ and 12͑b͔͒.
One should note that the synchronization of the underlying fluctuations with the stimulation together with the use of the folding averaging procedure for data analysis can lead to the invalid conclusion that the oxygenation changes due to stimulations are much larger than fluctuations at rest conditions. We believe that further study of the underlying cerebral hemodynamic fluctuations and the understanding of their role in the dynamics under stimulation conditions is important to answer the question why the measurements of brain hemodynamics during stimulations show the tremendous local oxygen consumption increase, which is disproportional with the actual oxygen need. 34 There are also indications of the possible importance of local hemodynamics phase and frequency synchronization with the systemic rhythms ͑such as the heartbeat and respi-ration͒ for brain response formation. Note that in Fig. 3͑d͒ the respiratory peak in the ͓Hb͔ 5 power spectrum coincides with the fourth harmonic of the stimulation repetition frequency, i.e., there is a ͑4:1͒ frequency synchronization between the ''respiratory'' wave and the stimulation. ͓However, the PSI estimation did not reveal statistically significant phase synchronization, although the mean slope of the relative phase ⌿ 41 (t) is equal to zero, in agreement with the ͑4:1͒-type frequency locking.͔ Using the quantitative phase synchronization analysis, we also detected a high degree of phase locking between the pulse and stimulation wave ͓for example, during epoch E3, PSI for ͑31:1͒, pulse-stimulation synchronization is equal to 0.67͔.
VII. CONCLUSION
Using multichannel near-infrared cerebral spectroscopy we have found that the hemoglobin changes in the motor cortex under periodic motor stimulation can be highly regular or irregular, depending on the duration of the stimulation/ relaxation period. We have shown that in the case of complex hemodynamics, the response to stimulations can be detected combining statistical, folding average, power spectrum, coherence, and quantitative phase synchronization analyses. Using these techniques, we revealed differences in the oxy-and deoxy-hemoglobin dynamics during periodic motor stimulation. We found that the oxy-hemoglobin concentration changes are significant and phase synchronous with the stimulation at most of the exercise conditions. The deoxy-hemoglobin response to stimulations depends on the stimulation and relaxation timing, partially due to the interference with the background fluctuations, and partially due to the possible stimulation-response phase synchronism. Using the power spectrum, coherence and phase synchronization analysis, we have shown that functional stimulation can cause local frequency and phase synchronization of cerebral hemodynamic fluctuations.
We obtained maps showing oxy-and deoxy-hemoglobin dynamics in terms of folding average changes, power spectrum, coherence, and phase synchronization with the periodic stimulation wave. We have shown that while a relatively large area of the brain may exhibit fluctuations that are coherent with the stimulation wave, when phase synchronization occurs, the phase synchronization maps always show a localized response of the deoxy-hemoglobin signal. Our preliminary conclusion is that the regularity and localization of the hemodynamic response to the periodical motor stimulation might be higher when systemic rhythms, such as the heartbeat and breathing, are phase or frequency locked with the stimulation wave.
